We address experimental and theoretical study of a two-dimensional electron gas transport at low and moderate electric fields. The devices under study are group-III nitride-based ͑AlGaN/GaN͒ gateless heterostructures grown on sapphire. The transmission line model patterns of different channel lengths, L, and of the same channel width are used. A strong dependence of the device I -V characteristics on the channel length has been found. We have developed a simple theoretical model to adequately describe the observed peculiarities in the I -V characteristics measured in steady-state and pulsed (10 It has been established that at the AlGaN/GaN heterointerface a conducting channel is formed with two-dimensional electron gas ͑2DEG͒. A high electron concentration in the channel is achieved without intentional doping due to large polarization fields inherent in the nitride material system. High carrier concentrations ͑in excess of 10 13 cm Ϫ2 ) and large values of the electron mobility and operating voltages ͑dissipative power densities are in a few watts per millimeter range͒ make it necessary to distinguish hot-electron effect and self-heating phenomena for better understanding transport properties aimed to use the group III-nitride heterostructures in high power and high temperature microelectronic applications.
We address experimental and theoretical study of a two-dimensional electron gas transport at low and moderate electric fields. The devices under study are group-III nitride-based ͑AlGaN/GaN͒ gateless heterostructures grown on sapphire. The transmission line model patterns of different channel lengths, L, and of the same channel width are used. A strong dependence of the device I -V characteristics on the channel length has been found. We have developed a simple theoretical model to adequately describe the observed peculiarities in the I -V characteristics measured in steady-state and pulsed (10 Ϫ6 It has been established that at the AlGaN/GaN heterointerface a conducting channel is formed with two-dimensional electron gas ͑2DEG͒. A high electron concentration in the channel is achieved without intentional doping due to large polarization fields inherent in the nitride material system. 1 Both experimental and theoretical investigations [2] [3] [4] [5] indicate that the electron transport in the conducting channels reveals a number of properties quite different from what has been observed in other III-V heterostructures.
High carrier concentrations ͑in excess of 10 13 cm Ϫ2 ) and large values of the electron mobility and operating voltages ͑dissipative power densities are in a few watts per millimeter range͒ make it necessary to distinguish hot-electron effect and self-heating phenomena for better understanding transport properties aimed to use the group III-nitride heterostructures in high power and high temperature microelectronic applications.
Indeed, since the carrier mobility is dependent on both electric field strength, E, and lattice temperature, T 0 , two effects are present simultaneously: hot electrons 6 and self-heating. 7, 8 The self-heating is a local increase in crystal temperature due to dissipated Joule electric power, P dis . Separation between these effects is important to clarify the thermal budget of devices which optimization allows to reach the best device performance. A distinction can be made by studying the change in transport characteristics by varying dissipated power P dis at the same values of the electric field E. In this letter, we realized the separation of hotelectron and self-heating effects by the study of AlGaN/GaN to coincide with the local electric field in the channel. The resistance of the ohmic region is proportionally scaled down with TLM intercontact distance and shows a good coincidence in Iϭ f (E) dependence. Both pulsed and dc measurements show dependence of the current on the channel length. The longer the channel, the greater the observed difference between dc and pulsed I -E characteristics. With increasing L a portion on the I -E curve with saturation current manifests itself already in the range of measured electric field less than 8 kV/cm. In general, the obtained I -E characteristics are strongly nonlinear although the considered field range ͑Ͻ8 kV/cm͒ is still below the fields of well-developed hotelectron regime expected from theoretical predictions. 3, 4 For a description of the observed behavior of the I -E characteristics we use a simple theoretical model based on ͑i͒ heat dissipation and heat-transfer modeling in the device and ͑ii͒ self-consistent solution of coupled nonlinear equations for the channel current I and the channel temperature T. The latter is determined by dissipated power P dis and heat conduction properties in the device.
We suppose that corresponding thermal impedance is primarily determined by the sapphire substrate 7 ͑see the inset in Fig. 1͒ . If we neglect on the first stage of our analysis the temperature dependence in the thermal conductivity of the substrate, (T), the problem is reduced to the Laplace equation. 9, 10 The boundary conditions can be set as a constant heat flux qϭ P dis /(WL) from hot zone ͑conducting channel͒ on the top of the substrate; adiabatic thermal conditions all over the remainding surface (qϭ0), except the bottom where an isothermal condition is provided with a given temperature T 0 . These allow us to find temperature distribution in the substrate and evaluate the channel temperature, T, averaged over the channel area, S ch ϭWL. The temperature rise ⌬TϭTϪT 0 in the channel is related to P dis through the chord thermal impedance ϭ⌬T/ P dis . The linear one can be written as
where the function ϭ2( 1 ϩ2 2 ) is expressed in terms of infinite series
with n (x)ϭsin(nx)/(nx) and
2 )/(2x ͱ n 2 ϩm 2 ). For LϭWϭd, we get ϭ0 and S eff ϭSϭd 2 . Then Eq. ͑1͒ reduces to the thermal impedance under a one-dimensional heat conduction. For (W,L)Ͻd, we get Ͼ0 and, respectively, S eff ϽS, which leads to an increase in the thermal impedance due to threedimensional character of the heat conduction.
The current I as a function of electric field E can be determined from coupled equations
Here e is the electron charge, is the electron mobility, N is the sheet electron concentration in the conducting channel, P dis ϭIEL. Later numerical solutions to Eqs. ͑4͒-͑6͒ are found taking advantage of the earlier linear and nonlinear thermal impedance, 9 as well as the recent results on the Monte Carlo simulation 4 of the 2D electron transport and experimental study of the low field mobility on temperature at elevated temperatures in nitride heterostructures. 12 Specifically, we take for the field dependence of the electron mobility (T,E)ϭ 0 (T)/͓1ϩ(E/E c ) ␤ ͔, with ␤, , and E c being fitting parameters. 4 The low field electron mobility 12 is taken to be 0 (T)ϭ 300 (300/T) 1.8 , where 300 is the electron mobility at room temperature.
Thus, we have obtained the current I and the temperature rise ⌬T as a function of the electric field E in the channels with different lengths L. The results of calculations I vs E for Lϭ1 and 25 m are presented in Fig. 2 compared with substrate parameters dϭ1.5 mm, lϭ300 m, and the thermal conductivity of sapphire (T) given in Ref. 13 . As seen from Fig. 2 , the computational results are in a good agreement with the experimental data. In particular, at the electric field of 8 kV/cm we obtain the temperature rise ⌬T ϭ36.2 K at P dis ϭ0.63 W/mm for the channel with L ϭ1 m, and ⌬Tϭ228.7 K at P dis ϭ6.9 W/mm for L ϭ25 m. The thermal impedances 1 ϭ57.6 K mm/W and 25 ϭ32.9 K mm/W have been found for Lϭ1 and 25 m, respectively. These values agree well with the thermal impedance obtained for AlGaN/GaN HEMTs grown on sapphire. 7 It also can be estimated that the self-heating effect results in 21.8% and 49.1% of the current reduction for 1 and 25 m length conducting channels, respectively ͑Fig. 3͒. Note that for long channels the self-heating leads to negative differential slope in the I -E curves observed in the experiment.
Since characteristic times determining self-heating kinetics in the epilayer structure and the substrate may differ in several orders of magnitude, 7 pulsed (10 Ϫ6 s) measurements exhibit only partial self-heating in comparison with the steady-state regime. The comparison between the calculated and experimental I -E dependences for the device with L ϭ25 m ͑Fig. 2͒ indicates that about 50% of the full ͑dc͒ temperature rise is reached in these measurements. Indeed, the time required to establish steady-state thermal process on distance l can be estimated as ϭl 2 /D with D being the thermal diffusivity given as /C, where is the mass density and C is the specific heat capacity. s. These estimations demonstrate also that hotelectron and self-heating kinetics are well resolved and the concept used of hot carriers in the lattice heated by dissipated power is justified.
In conclusion, we have investigated the 2DEG transport in gateless AlGaN/GaN ͑TLM͒ heterostructures grown on sapphire with different lengths of the conducting channel at low and moderate electric fields. The observed strong dependence of the current on the channel length is explained in terms of Joule self-heating effect, which can lead to saturation current or negative differential resistance regimes. The theoretical model used allowed us to discriminate between the current reduction due to hot-electron effect and channel temperature rise caused by the self-heating. The results of pulsed measurements are interpreted in terms of partial selfheating estimated as about 50% of the self-heating under the dc measurements. The results obtained allow us to suggest that to utilize unique properties of group III-nitride heterostructures, including high speed of the channel electrons, it is necessary to further optimize the thermal budget of devices. Such optimization can be achieved in addition to conventional methods 14 by choosing a thinner sapphire substrate, a shorter conducting channel, as well as short-time operating regimes. 
